INTRODUCTION
Solubility and speciation studies of plutonium in groundwaters and in brine solutions done in our laboratory require plutonium assays.1.2 The solution concentrations range between Io--5 and IQ-10 M.
The use of alpha spectroscopy for this task is limited by self-absorption effects of the dried sample and is therefore only applicable to solutions of low salt content. Addition of a yield tracer could overcome this problem, but labor-intensive separations and purifications of the sample may still be necessary. Gamma spectroscopy requires very little sample preparation and seems to be a more suitable alternative. The decay of239pu has a characteristic y-peak at 51.62 keV. Its low abundance (0.0208% ), however, would require extremely long counting times for low concentrations and is not very suitable for the task.
Therefore, we have developed a new radioanalytical method for plutonium that utilizes the uraniumL X-rays instead of the plutonium y-rays. The uraniumL X-rays come from the alpha decay of the plutonium.
CONCEPT
L X-ray radiation is specific for the element and not for the individual isotope. The alpha decay of all plutonium isotopes produces uranium L X-rays. Table 1 shows the overall U L X-tay intensities for the most common plutonium isotopes. Though the U L X-ray intensity is much higher for 238Pu, 240pu, and 242Pu than for 239Pu, the U L X-rays can be used for the analytical determination of 239Pu.
The spectrum of a plutonium sample shown in Figure 1 , indicates that a much higher detection efficiency can be obtained by using the U L X-rays instead of the 51.62 keV photo peak of 239Pu.
The isotopic composition and the U L X-ray yields of the plutonium used for our experiments are given in Table 2 . Although 93.85 percent of the atoms originate from the 239Pu isotope, the U LXray intensities of 238Pu and 240Pu are comparable to that of 239Pu. This emphasizes the importance of knowing the isotopic composition when using this method to analyze for plutonium.
Interference from 237U and 241 Am
The decay schemes of the plutonium isotopes (Table 3) show members of the chain that may interfere with the plutonium determination because they also produce L X-rays. Figure 1 shows the spectrum of a plutonium sample. The photon peaks at 59.54 keV and at 208.01 keV indicate that 237U and 241Am are also present as a mixture. The negatron decay of 241Pu to 241Am ( Further decay of241 Am and 237U to 237Np produces Np LX -rays, which do, however, interfere with the plutonium assay. This is demonstrated in Figure 2 , which compares the L X-ray spectrum of a typical plutonium sample with the spectra of pure U LX -rays and of pure Np LX -rays. The amount of Np L X -rays in a plutonium sample is dependent on 237U and 241 Am. In addition to the Np L Xrays, both nuclides have photo peaks at 59.54 keY and 208.01 keY. The intensities for these energies and for the NpLX-rays are shown in Table 4 . Spectra of pure 237U and of pure 241Amare shown in Figure 3 . From these pure standards, we determined the experimental ratios between the Np LX -rays and the 59.54 keY photo peak. They are 0.81 and 0.50 for 237u and 241Am, respectively. Figure 4 shows how the Np LX -ray correction factor is determined from the 59.54 keY /208.01 keY peak ratio. For our germanium counting system, we determined this ratio as 6.1 for pure 237U
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Neptunium L X-rays 184,000 ± 32,000
1.11 0.5017 ± 0.0002 and 184,000 for pure 241Am. We calculated the correction factor of an unknown mixture by linear interpolation of the measured 59.54/208.01 peak ratio. It is important that these corrections be carried out for both the sample and the standard.
Other interferences
Interferences oftheL X-ray spectrum can come from radioactive contaminants that are unrelated to the plutonium sample and also possibly from the decay of genetically related nuclides of the plutonium decay chain. This is especially important when solutions with higher concentrations or pure solutions of other plutonium isotopes, e.g., 241pu or 242Pu, are analyzed. We discussed the Np L X-ray correction for 241pu in the previous paragraph. For 242Pu, the U L X-rays can be contaminated with Th and PaL X-rays coming from the 238u and 234Th decay, respectively. Appropriate correction factors will have to be determined from pure 238U solution to correct for these effects on the basis of the ratio of a particular photo peak (234Th, 63.29 keV, 3.8% intensity) to the sum of the non-U L X-ray peaks. 
EXPERIMENTAL PROCEDURE Radionuclides
The isotopic composition of the plutonium used is shown in Table 2 . Isotopically pure solutions of 237U and 241 Am were obtained by separating these nuclides by means of anion exchange from a 239pu solution that contained the materials as impurities. 4 Counting system
The counter (LBL design) consists of a planar intrinsic germanium detector that measures 36 mm in diameter and 10 mm in thickness and has a 0.26 mm beryllium window. The unit is cooled by liquid nitrogen. The detector is coupled to a preamplifier (LBL design) and an amplifier (Tennelec, Model TC 244) and to a PC-controlled multichannel analyzer (Nucleus, Model PCA 4000).
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We used the sum of all counts in the L X-ray region between about 12.5 keV and 22.5 keV for determining detector efficiency, sample geometry, and the sample attenuation with a plutonium standard. The standard had the same isotopic composition as the samples. Standard and samples were contained in 25 mL polyethylene vials filled with 10 mL aqueous solution containing about 1 M HCI.
Accuracy and limit of detection
Because only a limited amount of solution from the plutonium solubility experiment was available and many samples were required to determine the solubility equilibrium, only 1 mL was available for each assay. This required relatively long counting times. Table 5 Furthermore, we have shown that U L X-ray spectroscopy for the determination of plutonium is a viable alternative to labor-intensive a spectroscopy and elaborate neutron activation analysis.
U L X-ray spectroscopy is also applicable for routine assays of plutonium in liquid wastes with unknown isotopic composition. The isotopic abundance can be determined from the low energy Table 5 .
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